Formation of teeth is under strict genetic control, whereas environmental factors play a minor role (1) . More than 300 genes have been shown to be associated with tooth formation (2) . The tissue interactions regulating tooth development were recently reviewed extensively by BALIC & THESLEFF (3) .
Continuous replacement of teeth throughout the lifespan of an individual is likely to be basal for all vertebrates and is found from fish to reptiles. Mammals differ from other vertebrates in that they have a limited capacity for tooth renewal. The majority of mammals replace teeth maximally once (diphydont dentition) and many taxa, such as muroid rodents, do not replace any of their teeth (monophydont dentition) (4, 5) . Humans are diphydont (i.e. have deciduous and then permanent incisors, canines, and premolars). Functional tooth germs for the primary dentition in the human are initiated from the primary dental lamina in each jaw at about 6 wk in utero, and mineralization commences at 14 wk in utero (6) . Formation of the full primary dentition takes about 3.5 yr as completion of root development of the second deciduous molars occurs at about 3 yr of age (7, 8) . At about 4 months in utero, formation of the replacement teeth initiates from the successional dental lamina, which is intimately connected to the lingual aspect of the enamel organ of the primary tooth, at the time when this tooth is at the bell stage. Experimental studies in the ferret have shown that the successional dental lamina grows as an offshoot from the enamel organ, elongates in the cervical direction, and later buds to give rise to the succeeding tooth (9) . Mineralization of the replacement teeth commences at birth, and all replacement teeth are fully formed with completion of the roots of the second premolars at the age of about 13.5 yr (10, 11) . Thus, formation of the succeeding teeth lasts a total of about 14 yr.
The permanent molars form sequentially from a distal extension of the primary dental lamina (6) . The initiation of the first permanent molar occurs at about 4 months in utero, and mineralization of this tooth commences at birth. The second and third molars form in succession from the dental lamina at the distal aspect of the previous molar (8, 12) . On radiographs, the follicle for the first permanent molar can be observed at birth; at the time when the crown of the first permanent molar has been completed, the follicle for the second permanent molar can be seen; and at the time when the crown of the second permanent molar has been completed, the follicle of the third molar becomes visible. The formation of all permanent molars lasts about 21 yr because completion of root formation of the third molar occurs at the age of about 20.5 yr (7, 13) .
After formation of the replacement teeth is initiated, the dental lamina fragments and regresses (14, 15) . Similarly, after initiation of the third molar, the extension of the dental lamina for the permanent molars fragments and regresses. However, remnants of the dental lamina persist as epithelial pearls or islands within the jaw as well as in the gingiva. Regression of the dental lamina seems to be an important mechanism in preventing the further development of replacement teeth and permanent molars. Experimental studies have shown that the mechanisms behind the regression of the dental lamina involve a combination of migration of cells away from the lamina and transformation into mesenchyme with some loss of cells by apoptosis (15). The tissue interactions regulating tooth renewal were recently reviewed extensively by BALIC & THESLEFF (3) .
Deviations in the formation of permanent teeth are not uncommon in the general population [e.g. 6-10% of European Caucasians have agenesis of one or more teeth mesial to the third molar, the most affected teeth being, in decreasing order, the mandibular second premolar (40%), the maxillary lateral incisor (20%), the maxillary second premolar (20%), and the mandibular central incisor (4%)] (8), and more than 20% of European Caucasians have agenesis of at least one third molar (16) . One cause of agenesis of this type, affecting the last tooth in each tooth group, might be late initiation of the first teeth in the group of teeth (11, 13) or premature degradation of the dental lamina (15). Numerous genetic aberrations and syndromes may affect the formation of teeth in terms of deviations in tooth number, size, morphology, and disturbances in hard tissue formation (17) (18) (19) .
Tooth maturation
The maturation of the permanent teeth has been studied extensively, and methods for analysing dental maturity have been suggested [e.g. by HAAVIKKO (10) and DEMIRJIAN et al. (20) ]. It is generally accepted that there is a high correlation between tooth maturation and the timing of eruption of the tooth [e.g. the tooth usually emerges into the oral cavity at the time when the root is in DEMIRJIAN's stage G (the root length is greater than the crown height, the walls of the root canal are parallel, and the apical end of the root is still partially open)] (20) .
Tooth eruption
The eruption of teeth is defined as the movement of teeth from their site of formation within the jaw to their functional position in the oral cavity. As the teeth are surrounded by bone, the eruption depends on precisely regulated bone remodelling (21) . The eruption process has, arbitrarily, been divided into five stages: the pre-eruptive stage; the intra-osseous stage; the mucosal penetration stage; the pre-occlusal stage; and the post-occlusal stage (22) . The pre-eruptive stage lasts from the initiation of tooth development to the time when the crown of the tooth has been completely formed [HAAVIKKO: stage Crc (10); DEMIRJIAN: stage D (20) ]. It is generally agreed that during the pre-eruptive stage the tooth remains relatively stable within the jaw bone. When the root begins to form, the follicle recruits osteoclastic activity along the coronal part of the follicle with the capacity to resorb overlying bone and the root of the primary tooth, and the permanent tooth starts to move in an occlusal direction concomitant with bone apposition in the apical follicle (22) . The duration of the intra-osseous stage of tooth eruption varies according to tooth type and basically represents the distance from the original site of tooth formation in the jaw to the top of the alveolar process. For the permanent teeth, the shortest distance of this journey is for the first molar (about 5 mm) and the longest is for the canine (about 20 mm). The corresponding durations of the intra-osseous stages are about 2.5 and 6.5 yr, respectively. For the other permanent teeth, the duration of the intra-osseous stage varies from about 3.5-5 yr. The direction of the movement seems to be governed by the gubernacular canal, but the eruption path and the speed of intra-osseous movement are determined by genetic and local environmental factors, which may play a major role during the intra-osseous stage of tooth eruption. The teeth are not on 'cruise control'. One of the most important local environmental factors is crowding among the developing and erupting teeth. Other local environmental factors that may influence the intra-osseous stage of tooth eruption are disturbed bone remodelling (e.g. reduced osteoclast activity or bone formation), obstacles in the eruption path (e.g. supernumerary teeth, odontomas, and cysts), trauma, and early extraction of primary teeth (21, 23) . Numerous genetic aberrations are associated with disturbances of tooth eruption, most often in terms of delayed or arrested eruption (17, 24) .
In summary, both tooth formation and tooth eruption are under genetic control. Regarding tooth formation, environmental factors play a minor role, whereas for tooth eruption, local environmental factors may play a major role, especially during the intra-osseous stage of tooth eruption. Tooth formation and tooth eruption are interrelated, and the permanent teeth generally erupt when two-thirds to three-quarters of the root is formed. Numerous genetic aberrations may affect the formation of teeth and/or tooth eruption. If both processes are affected by the genetic defect, this may lead to extremely complex clinical problems requiring a multidisciplinary treatment approach. One such condition is cleidocranial dysplasia (CCD) (17) .
Cleidocranial dysplasia
Cleidocranial dysplasia (OMIM 119600) is a rare skeletal dysplasia with autosomal-dominant inheritance (17) .
The main clinical features include short stature, hypoplastic or aplastic clavicles, delayed ossification of the calvaria with delayed ossification of sutures and multiple Wormian bones, delayed ossification of the cranial base, nasal bones, and maxillary complex, wide forehead with a broad midline furrow, midface hypoplasia, persistent mandibular symphysis, and dental anomalies (Fig. 1) . The dental anomalies include lack of shedding of the primary dentition, the presence of multiple supernumerary teeth, abnormal morphology of permanent teeth (especially involving the roots), and noneruption of permanent teeth (17, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (Fig. 2) .
The syndrome was mapped to chromosome 6p21 in 1995 (36) , and the gene causing CCD, CBFA1 [now known as RUNX2 (runt-related transcription factor 2)], was identified in 1997 (37) . Since then, a great number of different mutations in the gene have been reported with marked variability in the phenotype (38, 39) .
Clinical studies
This review will focus on the complex dental anomalies in CCD. Until 1990, the pathogenesis of the often rather chaotic dental problems was unclear, probably because no longitudinal studies had been carried out. The management of the patients was highly problematic, the burden of care was high, and the outcome of treatment was most often unsatisfactory. The cause of the supernumerary teeth was suggested to be hyperactivity of the dental lamina (40); the severely delayed or arrested eruption of permanent teeth was ascribed to various factors, such as the presence of multiple supernumerary teeth (41) , malformed roots with lack of cellular cementum (42, 43) , the jaw bone being too dense (44) , and abnormal resorption of bone and of primary teeth (44) (45) (46) . Regarding the abnormal morphology of permanent teeth, it was unclear whether this was a primary or secondary anomaly (47) .
Our research group had access to unique longitudinal clinical and radiographic data collected by the late Professor ARNE BJ € ORK, Department of Orthodontics, The Royal Dental College of Copenhagen, during the period 1953-1971, and these data were combined with data collected by ourselves over the years. JENSEN & KREIBORG (26) analysed the development of the dentition in CCD based on a mixed-longitudinal sample of 22 patients, in which 15 patients had been followed longitudinally during their growth period, from as early as 3.5 yr of age. Several of these patients had been followed with annual clinical and radiographic examinations. The number of observations per individual in the total sample ranged between 1 and 21. Recording of tooth formation, tooth maturation, and tooth eruption were carried out from intra-oral radiographs, orthopantomograms, intra-oral photographs, and surgically removed teeth. Orthopantomograms of 14 patients could be assessed for dental maturity. Based on these data and on previous findings in the literature at the time, the authors found it conceivable that:
• The dental lamina for the primary and permanent dentition is normal in CCD.
• The succeeding dental lamina and the lamina for the permanent molars do not completely regress at the expected time.
• At the time when the crown of each successional permanent tooth is completed, remnants of the dental lamina may become re-activated to form a supernumerary tooth, delayed about 4 yr compared with the first formed permanent tooth, but, in principle, similar to the first formed permanent tooth and localized incisally/occlusally and orally to the first formed permanent tooth.
• The dental lamina for the permanent molars does not regress at the expected time (i.e. after the completion of the crown of the third molar, in all cases). In these cases, the dental lamina extends distally to form supernumerary molars (fourth and even fifth molars) with the expected time intervals as seen in the sequential formation of the first, second, and third molars (Fig. 3 ).
• Abnormalities of crown and root morphology in the supernumerary teeth can be considered as secondary to the inadequate space conditions in the jaws during their development. 
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• Abnormalities of root morphology in the first formed permanent teeth can be considered to be secondary to arrested eruption.
• Ectopic location of first formed permanent teeth is caused by migration secondary to arrested eruption and interference with supernumerary teeth in the region.
• Severely delayed or arrested eruption of the first formed permanent teeth (even in regions without supernumerary teeth) is probably caused primarily by diminished bone resorption and diminished resorption of the roots of the primary teeth, and secondarily by the presence of multiple supernumerary teeth in the eruption pathway.
It is noteworthy that the primary dentition was found to be normal regarding tooth formation, tooth maturation, and tooth eruption. However, all but one patient had supernumerary permanent teeth. The total number of supernumerary teeth in the sample was 145. The number of supernumerary teeth per individual ranged from one to 21, with a mean of eight teeth. In all cases, the supernumerary teeth were supernumerary to the successional (permanent) teeth and to the permanent molars. The supernumerary teeth mesial to the first permanent molars can be considered to represent a more or less complete 'third dentition', delayed about 4 yr compared with the first formed permanent dentition and with the same relative onset of tooth formation as observed in the first formed permanent dentition. Two patients with CCD had an almost complete 'third dentition'. In one of these patients, the only teeth 'missing' in 'the third dentition' were the maxillary lateral incisors and the mandibular central incisors. The other patient was only 'missing' one maxillary second premolar and the four mandibular incisors. It was further noteworthy that none of the patients examined had agenesis of third molars compared with a frequency of more than 20% in the general population (16) . About one-third of the patients had supernumerary permanent molars presenting as fourth and even fifth molars. None of the 145 supernumerary teeth observed in the study erupted.
All patients had eruption problems in the permanent dentition, both in regions with and without supernumerary teeth. The single patient without supernumerary teeth showed delayed, but spontaneous eruption of all permanent teeth except a maxillary canine. The remaining patients had a range from four to 21 permanent teeth that erupted spontaneously, but delayed. It was noteworthy that all first permanent molars erupted spontaneously, but with a delay of about 3 yr compared with the norm. In the many patients with failure of permanent tooth eruption, the primary teeth persisted; in fact, one patient presented with a full primary dentition at the age of 16 .
The theory that the successional dental lamina does not completely regress at the expected time was later supported by a histological study of teeth and peridental tissues from four patients with CCD (age range 9-58 yr) performed by the same research group (48) . This study showed local abundance of odontogenic epithelium in peridental tissues of developing/unerupted teeth as well as fully developed teeth (even in a 58-yr-old patient).
The theory of diminished bone resorption and diminished resorption of the roots of the primary teeth was supported by a previous study of abnormalities of the cranial base by the same research group (49) and a later study by the same group focussing on craniofacial growth, showing decreased bone resorption on the surfaces of the bones of the internal cranial base, the maxilla, and the mandible (30, 50) .
Based on their findings, the authors concluded that the chaotic picture of the dentition in CCD (Fig. 4) , most often reported in the previous literature, would seem to have a simpler explanation. The improved understanding of the dental phenotype in CCD leads to a more focussed treatment protocol because it should be possible to predict when and where to look for supernumerary teeth as disturbances of tooth eruption, in general, cannot be expected to be observed until the time of initiation of the intra-osseous stage of tooth eruption (i.e. at the time when the normal successional tooth has completed crown formation) (26) . This means that children with CCD can be expected to have no problems with supernumerary teeth or disturbances of tooth eruption before the age of 4-5 yr (Fig. 5) .
The treatment strategy suggested by JENSEN & KREI-BORG (51) emphasizes that early intervention is crucial. In regions with development of supernumerary teeth, the supernumerary tooth should be removed, together with overlying bone and primary teeth, when the root The maturational stages for these teeth and for a supernumerary fourth molar for a girl with cleidocranial dysplasia (CCD) have been plotted onto the graph (blue diamond, first molar; red triangle, second molar; green triangle, third molar; blue triangle, fourth molar). As shown in the graph, the second and third molars were both delayed about 1 yr compared with the norm, but the speed of formation was similar to that observed in the general population. The fourth molar was initiated at about 13.5 yr of age, and the maturation curve is parallel to the curves for the second and third molars, indicating that the formation of the fourth molar seems to be a repetition of normal molar development. Adapted from ALBARAZI (13) . The asterisks indicate that these data came from another study.
Cleidocranial dysplasia length of the first formed permanent tooth has reached about half of its final length, to promote spontaneous eruption of the first formed permanent tooth. In regions where no supernumerary teeth are formed, eruption of the permanent teeth may also be improved by removal of the primary teeth and surgical exposure of the underlying permanent tooth at the stage when half to two-thirds of the root formation has taken place. Application of this treatment strategy to a young patient with CCD was reported by ABBASS et al. (52) , leading to a satisfactory treatment outcome by surgically assisted 'spontaneous eruption of teeth' and with a rather short orthodontic treatment period compared with the treatment protocols otherwise advocated in the literature (53) (54) (55) (56) , although the process of spontaneous eruption was rather slow (Fig. 6 ). Figure 7 shows eruption of the permanent teeth in the mandible in a patient with CCD who was treated according to the treatment protocol proposed by JENSEN & KREIBORG (51) . The patient had had a supernumerary mandibular right canine that had caused the first formed canine and the lateral incisor to be rather deeply set in the jaw. At the age of 10, the primary teeth in the region were extracted, the supernumerary canine was surgically removed, and the bone covering the first formed permanent teeth was also removed. The teeth were left for spontaneous eruption. As seen in Fig. 7 , the lateral incisor had erupted normally at the age of 15, whereas the canine and the first premolar had still not fully erupted, although root formation was completed in both teeth. The probable reason for this was that the canine had been positioned very deep in the jaw, secondary to drift caused by the supernumerary tooth, and the length of the journey of spontaneous tooth eruption had become excessive. The problem was solved by applying orthodontic traction to the teeth for a limited period of time.
In patients referred for treatment after the age of 10 yr, more aggressive treatment protocols are advocated, with immediate orthodontic traction applied to the surgically exposed permanent teeth or even autotransplantation of the first formed permanent tooth, if the apex of the root is still open. If this is not the case, autotransplantation of the less mature supernumerary permanent teeth may be the treatment of choice (30) .
Animal models and molecular studies
In 1997, two different research groups generated mouse models with a mutated Cbfa1 (Runx2) locus (58, 59) . Mice with a homozygous mutation in Cbfa1 showed complete lack of ossification owing to maturational arrest of osteoblasts and died just after birth without breathing. The heterozygous mice had hypoplasia of the clavicles and delayed ossification of calvarial bones and nasal bones, symptoms closely resembling the osseous symptoms observed in individuals with CCD. Based on in vivo and in vitro studies of Cbfa1-deficient calvarial cells, GAO et al. (60) suggested that Cbfa1 is not only involved in osteoblast differentiation but also in osteoclastogenesis.
The heterozygous mouse model of CCD has no supernumerary teeth, probably because mice are monophydont, and the supernumerary teeth in individuals with CCD are supernumerary to the permanent teeth (26) . However, WANG et al. (61) observed that molar development arrested at the late bud stage in Runx2 knockout mice, and they suggested that Runx2 prevents the formation of sonic hedgehog (Shh)-expressing buds for successional teeth. In this context, it is noteworthy that individuals with duplication or quadruplication of RUNX2 have agenesis of teeth and craniosynostosis (62) (63) (64) . The mouse model does, however, show delayed eruption of teeth, and YODA et al. (65) found impaired recruitment of osteoclasts in the eruption pathway and suggested that this is one of the cellular mechanisms of delayed tooth eruption in patients with CCD. LOSS-D € ORFER et al. (66) carried out an in vitro study on human periodontal ligament cells from two patients with CCD and found that these cells showed a reduced capacity to induce the differentiation of active osteoclasts. Fig. 4 . Three-dimensional (3D) computed tomography (CT) scan of a 17-yr-old girl with lack of shedding of numerous primary teeth, multiple supernumerary permanent teeth, including supernumerary molars, and noneruption of most of the permanent teeth and all the supernumerary teeth. More recent studies of dental follicle cells (DFC) from patients with CCD have reported disturbed osteoclast-inductive signalling in DFCs, which the authors suggest could be responsible for delayed tooth eruption in patients with CCD (67) (68) (69) . SUN et al. (70) isolated and cultured DFCs and periodontal ligament cells (PDLCs) from an 11-yr-old individual with CCD and concluded that the RUNX2 mutation disturbs the modulatory effects of both DFCs and PDLCs on the differentiation of osteoclasts and osteoblasts, thereby interfering with bone remodelling. The authors suggest that these effects may contribute, in part, to the pathological manifestations of retention of primary teeth and delayed eruption of permanent teeth in patients with CCD.
In a recent experimental study, BAE et al. (71) showed that fetal administration of Entinostat/MS-275 partially prevents delayed cranial suture closure in heterozygous Runx2 null mice by two mechanisms: (i) post-translational acetylation of RUNX2 protein, which stabilized the protein and activated its transcriptional activity; and (ii) epigenetic regulation of Runx2 and other bone marker genes. Moreover, they showed that MS-275 stimulates osteoblast differentiation effectively both in vivo and in vitro. Whether this treatment affects osteoclastogenesis and tooth development remains unclear. No experimental studies have attempted to rescue the dental phenotype in CCD, probably because the animal models used have all been monophydont. It would seem possible to influence the dental phenotype, even postnatally, because the dental problems in CCD first evolve when the successional teeth have completed their crown formation.
Conclusion
Based on the available literature, it can be concluded that CCD is caused by loss-of-function mutations in the RUNX2 gene, encoding transcription factor CBFA1 on chromosome 6p21. The dental phenotype includes problems in both tooth formation (multiple supernumerary permanent teeth) and tooth eruption (lack of shedding of primary teeth and delayed or arrested eruption of permanent teeth). The gene was identified in 1997, but the function of the gene, especially regarding the dental phenotype, had been clarified by a number of clinical studies carried out in the early 1990s. The gene was anticipated to have a significant role in bone formation, in degradation of the dental lamina, and in bone remodelling, especially in bone resorption. Since the gene was identified, animal models and molecular biology studies have documented that RUNX2 is of paramount importance for osteoblast differentiation, for regression of the dental lamina after the development of successional teeth and the third molars have been initiated, and for osteoclastogenesis in the dental follicle, the periodontal ligament and probably in the general surface remodelling of bones in the craniofacial complex. The improved insight into the pathogenesis of the dental phenotype in CCD in the early 1990s meant that it became possible to predict the onset of problems (i.e. young children, below the age of 4-5 yr, with CCD have few or no dental problems). The first supernumerary teeth may develop in the maxillary and mandibular incisor regions when the maturation of the Fig. 6 . Intra-oral photographs of a boy with cleidocranial dysplasia (CCD) showing spontaneous eruption of maxillary and mandibular incisors after extraction of primary incisors, surgical removal of supernumerary incisors and bone covering the first formed permanent incisors at 9.5 yr of age. The intra-oral photograph to the left (A) was obtained at 10 yr of age and the photograph to the right (B) was obtained at 11 yr of age. Fig. 7 . Tooth eruption in the mandible in a boy with cleidocranial dysplasia (CCD) studied by superimposed threedimensional (3D) cone beam computed tomography (CBCT) scans obtained at 10 (dark grey) and 15 (light grey) yr of age. The superimposition was made according to the method suggested by KRARUP et al. (57) . At the age of 10, the patient was treated with extraction of primary teeth and surgical removal of a mandibular right supernumerary canine and of bone covering the first formed permanent teeth, to promote spontaneous tooth eruption. However, the first formed canine did not fully erupt, probably because of the deep position in the jaw caused by the supernumerary tooth. Thereby, the length of the journey of spontaneous tooth eruption became excessive. At the age of 15, the patient was treated with orthodontic traction for a short period of time to correct the problem.
Cleidocranial dysplasia first formed permanent incisors has completed the formation of the crowns. At this stage, the disturbances in tooth eruption, even in regions without supernumerary teeth, may become evident because the intra-osseous stage of tooth eruption is commencing. This stage requires recruitment of osteoclasts, and osteoclastogenesis in dental follicle cells has been shown to be disturbed in CCD. In regions with development of supernumerary teeth, these teeth are obstacles in the eruption path because they are formed incisally/occlusally and orally to the first formed permanent teeth. Patients with CCD usually have development of all third molars, probably because of lack of degradation of the dental lamina caused by loss of function of RUNX2. For the same reason, a number of individuals with CCD develop fourth and even fifth molars with the expected time intervals. None of the third molars and none of the supernumerary teeth can be expected to erupt. Based on these findings, JENSEN & KREIBORG (26), 25 yr ago, proposed a treatment strategy to be applied to patients with CCD that focussed on the importance of early treatment to promote spontaneous eruption of permanent teeth. Although this strategy was proposed before identification of the RUNX2 gene and the present understanding of RUNX2 function, the strategy has subsequently been shown to be based on a correct understanding of the pathogenesis of the dental phenotype. The treatment protocol would seem to lead to a reduction in the burden of care for the patient compared with the treatment strategies otherwise recommended in the literature. However, based on clinical experience with this treatment protocol and the increased awareness of the reduced osteoclastogenesis of periodontal ligament cells in CCD, autotransplantation is recommended in the case of ectopic or very deeply set permanent teeth, for which the length of the journey for spontaneous eruption seems excessive. Autotransplantion of the first formed permanent tooth is recommended if the apex of the root is still open. If this is not the case, autotransplantation of the lessmature supernumerary permanent teeth may be the treatment of choice.
In this context, the most important lessons learned from the clinical and experimental studies on CCD and the Runx2/RUNX2 gene have been clarification of the aetiopathogenesis of the dental phenotype and the improved understanding of the function of the gene at the molecular level. This has made it possible to optimize the timing and the staging of the interventions necessary to facilitate spontaneous eruption of the first formed permanent teeth in patients with CCD, thereby reducing the burden of care. Furthermore, the studies have shed light on some of the mechanisms involved in normal tooth formation and eruption. If a diphydont animal model (e.g. the ferret) with a mutated Runx2 locus could be generated, it would be possible to obtain an even better understanding of the dental phenotype in CCD, perhaps paving the way for influencing the dental phenotype in patients with CCD in the future.
